Context. The formation and evolution of the cosmic web is governed by the gravitational attraction of dark matter and antigravity of dark energy (cosmological constant). In the cosmic web, galaxy superclusters or their high-density cores are the largest objects that may collapse at present or during the future evolution. Aims. We study the dynamical state and possible future evolution of galaxy superclusters from the Sloan Great Wall (SGW), the richest galaxy system in the nearby Universe. Methods. We calculated supercluster masses using dynamical masses of galaxy groups and stellar masses of galaxies. We employed normal mixture modelling to study the structure of rich SGW superclusters and search for components (cores) in superclusters. We analysed the radial mass distribution in the high-density cores of superclusters centred approximately at rich clusters and used the spherical collapse model to study their dynamical state. Results. The lower limit of the total mass of the SGW is approximately M = 2.5 × 10 16 h −1 M ⊙ . Different mass estimators of superclusters agree well, the main uncertainties in masses of superclusters come from missing groups and clusters. We detected three high-density cores in the richest SGW supercluster (SCl 027) and two in the second richest supercluster (SCl 019). They have masses of 1.2 − 5.9 × 10 15 h −1 M ⊙ and sizes of up to ≈ 60 h −1 Mpc. The high-density cores of superclusters are very elongated, flattened perpendicularly to the line of sight. The comparison of the radial mass distribution in the high-density cores with the predictions of spherical collapse model suggests that their central regions with radii smaller than 8 h −1 Mpc and masses of up to M = 2 × 10 15 h −1 M ⊙ may be collapsing. Conclusions. The rich SGW superclusters with their high-density cores represent dynamically evolving environments for studies of the properties of galaxies and galaxy systems.
Introduction
Galaxy superclusters are the largest systems in the complex hierarchical network of galaxies, galaxy groups, clusters, and superclusters (the cosmic web). The structure of the superclusters is formed during a hierarchical evolution where the highdensity cores of superclusters are older and dynamically more evolved than outskirts regions. While full rich superclusters are not bound systems, their high-density cores may collapse at present or in the course of the future evolution (Small et al. 1998; Reisenegger et al. 2000; Rines et al. 2002; Nagamine & Loeb 2003; Proust et al. 2006; Dünner et al. 2006; Luparello et al. 2011; Pearson et al. 2014; Chon et al. 2015; O'Mill et al. 2015; Einasto et al. 2015; Gramann et al. 2015) . This makes galaxy superclusters unique objects to study their properties and the properties and evolution of the galaxy systems (groups, clusters, and filaments) inside the dynamically evolving environment of superclusters. The size, mass, and other properties of the high-density cores in superclusters give us an information about the largest possibly collapsing objects in the Send offprint requests to: Einasto, M. Universe Gramann & Suhhonenko 2002; Nagamine & Loeb 2003; Teerikorpi et al. 2015; Lee et al. 2015; Gramann et al. 2015) .
The richest nearby galaxy system is the Sloan Great Wall (SGW), discovered in the Sloan Digital Sky Survey (Vogeley et al. 2004; Gott et al. 2005) , which consists of several rich and poor superclusters (Einasto et al. 2011b ). Einasto et al. (2003 Einasto et al. ( , 2008 noted that in the core region of the richest supercluster in the SGW (SCl 126 in their study, SCl 027 in Liivamägi et al. 2012 , this notation is also used in our study) the concentration of galaxy clusters in a sphere with diameter smaller than 10 h −1 Mpc is very high. This region is a good candidate for a collapsing core of the supercluster. The Sloan Great Wall is not fully covered by the SDSS, its southern extension can be traced by the Las Campanas and 2dF Redshift surveys (Einasto et al. 2003 (Einasto et al. , 2008 . The SGW affects the measurements of the topology of the whole SDSS (Park et al. 2005; Saar et al. 2007; Gott et al. 2008) . The analysis of rich superclusters in the SGW has shown that they have a different morphology and galaxy and group content (Einasto et al. 2007b (Einasto et al. , 2010 (Einasto et al. , 2011a (Einasto et al. ,b, 2014 . The richest supercluster in the SGW, SCl 027, A&A proofs: manuscript no. AA28567 is one of the most elongated superclusters according to its overall shape (Einasto et al. 2011a) . Jaaniste et al. (1998) have noted the flatness of this supercluster; this supercluster is also aligned almost perpendicular to the line of sight. The authors assumed that the flatness of this supercluster is enhanced and we see the effect of the matter inflow towards the supercluster axis, in accordance to what we observe in the nearby space for the Laniakea and Arrowheads superclusters (Tully et al. 2014; Pomarède et al. 2015) .
The extreme observed objects like the SGW usually provide tests for theories. For example, while Park et al. (2012) demonstrated that systems with sizes and richness similar to the SGW can be reproduced in the ΛCDM model, Sheth & Diaferio (2011) showed that systems as dense and massive as the SGW may be in tension with the Gaussian initial conditions. Moreover, Einasto et al. (2007b) found that the morphology of the richest supercluster in the SGW is difficult to reproduce with simulations. Einasto et al. (2016) showed that the superclusters from the SGW lie in a wall of a shell-like structure around the rich cluster A1795 in the Bootes supercluster with a radius of about 120 − 130 h −1 Mpc. The pattern of the cosmic web originates from processes in the early Universe. However, it is not yet clear which processes cause shell-like structures in the local cosmic web. This all motivates further studies of the properties of the SGW.
The aim of the present paper is to determine the dynamical, total, and stellar masses of the SGW superclusters, and to analyse the structure of rich SGW superclusters with normal mixture modelling. We compare the mass distribution of the core regions of the superclusters centred at rich galaxy clusters with the predictions of the spherical collapse model, which describes the evolution of a spherically symmetric perturbation in an expanding universe. The dynamics of a collapsing shell is determined by the mass in its interior. The spherical collapse model has been discussed in detail by Peebles (1980) (see also references in Gramann et al. 2015) . We estimate the dynamical state and possible future evolution of the core regions of the SGW superclusters and discuss the possibility whether the high-density cores of the SGW superclusters may merge into huge collapsing systems.
At http://www.aai.ee/~maret/SGW.html we present an interactive 3D model that shows the distribution of galaxy groups in the superclusters from the SGW.
We use the following standard cosmological parameters below: the Hubble parameter H 0 = 100 h km s −1 Mpc −1 , the matter density Ω m = 0.27, and the dark energy density Ω Λ = 0.73 (Komatsu et al. 2011 ).
Data
We selected data about superclusters and their galaxy and group content from the supercluster and group catalogues by Liivamägi et al. (2012) and Tempel et al. (2012 Tempel et al. ( , 2014 . These catalogues are based on the MAIN sample of the eighth and tenth data release of the Sloan Digital Sky Survey (Aihara et al. 2011; Ahn et al. 2014 ) with apparent Galactic extinction-corrected r magnitudes r ≤ 17.77 and redshifts 0.009 ≤ z ≤ 0.200. We corrected the redshifts of galaxies with respect to our motion relative to the CMB and computed the comoving distances of galaxies (see Martínez & Saar 2002; Tempel et al. 2014, for details) .
We used the luminosity density field to determine galaxy superclusters. In calculations of the luminosity density field we applied the 1 h −1 Mpc step grid and the B 3 spline kernel at the smoothing length 8 h −1 Mpc. While constructing the luminosity density field, we first suppressed the redshift-space distortions (the so-called fingers of God) for groups as explained in Tempel et al. (2014) . Connected volumes above a certain density threshold were defined as superclusters. The calculation of the luminosity density field, corrections for the faint galaxies missing from the catalogue, and determination of superclusters are described in detail in Liivamägi et al. (2012) .
The luminosity density field is a biased tracer of the underlying mass field, as is shown, for example, by the analysis of the mass-to-light ratios of galaxy systems (Bahcall & Kulier 2014; Einasto et al. 2015) . Therefore, in our analysis below we determine the masses of the high-density cores of superclusters as described in Sect. 3.1 and do not directly use the luminosity density field for this purpose. Einasto et al. (2011b) analysed the properties of the density field superclusters in the region of the SGW at a series of density levels. They concluded that the density level D8 = 5.0 (in units of mean density, ℓ mean = 1.65·10
is suitable to determine individual superclusters. At this density level superclusters in the SGW form separate systems, and the SGW consists of two rich and three poor superclusters, at lower density levels they join into huge percolating systems together with surrounding superclusters. In our study we use the data about SGW superclusters chosen from the Liivamägi et al. (2012) supercluster catalogue at this density level.
If galaxies were moving solely with the general expansion of the Universe, the redshifts would accurately measure the radial distances of galaxies. Since galaxies have peculiar velocities with respect to the general expansion, their redshift distances are distorted. The galaxy distribution in redshift space is different from that in real space on both small and large scales. On the largest scales, the amplitude of clustering is enhanced as a result of the coherent large-scale velocity field. In contrast to the elongation along the line of sight produced by incoherent velocities within galaxy groups, the galaxy distribution on large scales is flattened along the line of sight (e.g. Kaiser 1987; Gramann et al. 1994; Hamilton 1998, and references therein) .
In this paper we use the distribution of galaxies in redshift space. It would, of course, be preferable to define superclusters as in Tully et al. (2014) and Pomarède et al. (2015) considering the real distances of galaxies. Unfortunately, such data for the SGW region are not yet available. Even for the local superclusters, uncertainties are large (Tully et al. 2016) . However, we can study the effect of peculiar velocities indirectly and compare the galaxy distribution in the sky plane and in the radial direction. For the richest SGW supercluster, SCl 027, the peculiar velocities may affect its overall shape, and we see the effect of the matter inflow towards the supercluster axis (Jaaniste et al. 1998) . In this paper we determine several components in rich SGW superclusters and study their sizes in the sky plane and in the radial direction in more detail.
Data about galaxy groups in superclusters were taken from the group catalogue by Tempel et al. (2014) . The redshiftspace distortions (fingers of God) for groups were supressed as described in detail in Tempel et al. (2014) . Galaxy groups were determined using the friends-of-friends cluster analysis method introduced in cosmology by Zeldovich et al. (1982) and Huchra & Geller (1982) . A galaxy belongs to a group of galaxies if this galaxy has at least one group member galaxy closer than a linking length. In a flux-limited sample the density of galaxies slowly decreases with distance. To take this selection effect properly into account when constructing a group catalogue from Article number, page 2 of 12 Einasto, M. et al.: SGW, collapsing Table 1 , and different colours indicate groups in these superclusters. Symbol sizes are proportional to the size of groups in the sky plane. Grey symbols show galaxy groups in other superclusters in this redshift interval. Notes. Columns are as follows: (1) the order number of the supercluster; (2) the number of the supercluster in Liivamägi et al. (2012) ; (3) the supercluster ID AAA+BBB+ZZZ, where AAA is R.A., +/-BBB is Dec., and ZZZ is 100z; (4) the number of galaxies in the supercluster, N gal ; (5) the number of single galaxies in the supercluster, N 1 ; (6) the number of groups with 2 − 9 member galaxies, N gr 2−9 ; (7) the number of groups with ≥ 10 member galaxies, N gr 10 ; (8) the distance of the supercluster (the distance of the density maximum in the supercluster), in h −1 Mpc; (9) the supercluster diameter (the maximum distance between galaxies in the supercluster), Diam, in h −1 Mpc; (10) the highest value of the luminositydensity field calculated with the 8 h −1 Mpc smoothing kernel, D8 max , in units of the mean luminosity density; (11) the volume of the supercluster (the number of connected 3D grid cells in the luminosity density field, multiplied by the cell volume, V), in 10 3 (h −1 Mpc) 3 ; (12) the total luminosity of the supercluster, calculated as the weighted total luminosity of galaxies in the supercluster, L tot , in 10 12 h −2 L ⊙ .
a flux-limited sample, the linking length was rescaled with distance, calibrating the scaling relation by observed groups. As a result, the maximum sizes in the sky projection and the velocity dispersions of our groups are similar at all distances. The superclusters lie in a narrow distance interval, therefore we used groups from a flux-limited sample. The details about the data reduction, the group-finding procedure, and the description of the group catalogue can be found in Tempel et al. (2014) .
In Table 1 we list the data of the superclusters. The sky distribution of galaxy groups in the region covered by superclusters from the SGW is shown in Fig. 1 Lietzen et al. 2016) , which has a diameter of about 270 h −1 Mpc. With its huge size and richness, the BGW is an even greater challenge to the cosmological theories than the SGW. In the catalogue of superclusters determined on the basis of X-ray clusters by Chon et al. (2013) , the supercluster RXSCJ1305-0221 with its size of about 45 h −1 Mpc corresponds to the part of SCl 027 with Dec. < 2
• , centred approximately on the rich cluster A1650. The SGW is surrounded by voids.
Closer to us, it is located across the void behind the Hercules supercluster with an approximate size of 120 − 140 h −1 Mpc. The distribution of nearby rich superclusters was described in more detail in Einasto et al. (2011a) and in Einasto et al. (2016) .
Methods

Masses of superclusters
To calculate the dynamical masses and mass-to-light ratios of superclusters, we used data about the dynamical masses of galaxy groups in superclusters from the catalogue of Tempel et al. (2014) . In Fig. 2 we show the dynamical masses of all groups in SGW superclusters. Masses are calculated using the virial theorem, assuming that the galaxy velocity distribution and the Navarro-Frenk-White (NFW, Navarro et al. 1997 ) projected density profile for galaxy distribution in the plane of the sky are symmetrical. For a detailed description of how the dynamical masses of groups were calculated we refer to Tempel et al. (2014) . The masses of poor groups are not well defined, therefore we used the median values of group masses instead of individual masses from Tempel et al. (2014) for groups with N gal = 2 and 3. To obtain a dynamical mass of a supercluster M dyn , we summed group dynamical masses. A similar procedure to calculate the dynamical mass of the supercluster was used in Einasto et al. (2015) . The reliability of group mass estimation method and mass errors were analysed in Old et al. (2014, A&A proofs: manuscript 2015), where various mass estimation methods were tested on mock galaxy catalogues. The method used in this work performs reasonably well without a clear bias between true and estimated masses. Since in this paper we are only interested on the masses of superclusters (i.e. we sum over a large number of groups), the statistical uncertainty of an individual group mass estimate is not important. Errors in the supercluster dynamical masses that are due to the group mass errors are estimated to be about 0.3 dex. The supercluster total mass estimates are dominated by systematic biases. Below we discuss some selection effects that may affect mass estimates. The total masses of superclusters were calculated adding the estimated mass of faint groups and intercluster gas. Each region hosts some single galaxies. They may be the brightest galaxies of faint groups in which other member galaxies are too faint to be observed within SDSS survey magnitude limits (Tempel et al. 2009 ). We used the median mass of groups with 2 − 3 member galaxies in the SGW superclusters as the mass of these faint groups. To obtain the total mass of these faint groups, this median mass was multiplied with the number of single galaxies. We also added 10% of the total mass as the mass of intercluster gas (see e.g. Pompei et al. 2016) . Total masses of superclusters M g tot (here g stands for both groups and gas) were obtained by summing these mass estimates. Approximately 50% of the supercluster total masses comes from groups with at least ten member galaxies, 25% of masses from poor groups with fewer than ten galaxies, and 15% of mass from faint groups presented by single galaxies.
We also calculated total stellar masses of galaxies in superclusters and stellar-to-total mass ratios using data about the stellar masses of supercluster member galaxies from the MPA-JHU spectroscopic catalogue (Tremonti et al. 2004; Brinchmann et al. 2004) in the SDSS CAS database. In this catalogue the different properties of galaxies are obtained by fitting SDSS photometry and spectra with the stellar population synthesis models developed by Bruzual & Charlot (2003) . The stellar masses of galaxies are estimated from the galaxy photometry (Kauffmann et al. 2003) . The stellar mass of superclusters M * is the sum of the stellar masses of galaxies in a supercluster. The stellar-to-total mass ratio M * /M g tot is the ratio of the stellar mass of galaxies, M * , and total mass M g tot of a supercluster.
In addition, data about stellar masses of the most luminous galaxies in a group can be used to calculate the mass of the haloes to which galaxies belong, employing the relation of stellar mass M * to halo mass M halo from Moster et al. (2010) ,
where (M * /M halo ) 0 = 0.02817 is the normalisation of the stellar to halo mass relation, the halo mass M halo is the virial mass of haloes, M 1 = 7.925 × 10 11 M ⊙ is a characteristic mass, and β = 1.068 and γ = 0.611 are the slopes of the low-and highmass ends of the relation, respectively. This method was used by Lietzen et al. (2016) to estimate the mass of the BGW superclusters. We used this mass estimate for single galaxies and groups of up to nine member galaxies and dynamical masses of groups from the group catalogue of Tempel et al. (2014) for richer groups to calculate a supercluster mass estimate from stellar masses of galaxies M * tot . To make this mass estimate comparable to the total mass of superclusters calculated using group dynamical masses, M g tot , we also added 10% of the total mass as the mass of gas and denote this mass as M * g tot .
Multidimensional normal mixture modelling
We studied the structure of rich superclusters from the SGW with multidimensional normal mixture modelling, which is based on the analysis of a finite mixture of multivariate Gaussian distributions. Each component in the distribution corresponds to a separate component in the data. For this analysis we employed the Mclust package (Fraley & Raftery 2002; Fraley et al. 2012) in statistical R environment (Ihaka & Gentleman 1996) for the model-based clustering analysis. Mclust searches for an optimal model for the clustering of the data among the models with varying shape, orientation, and volume, and finds the optimal number of components in the data and the membership of components (classification of the data). Mclust also calculates the uncertainty of the classification and determines for each datapoint the probability of belonging to a component. The uncertainty of classification is defined as one minus the highest probability of a datapoint to belong to a component. The mean uncertainty for the full sample is a statistical estimate of the reliability of the results. To study the structure of superclusters, the input data for Mclust were the coordinates of galaxy groups in superclusters. This package has been used, for example, to search for substructure in galaxy groups and clusters and to refine the group-finding algorithm (Einasto et al. 2010 (Einasto et al. , 2012b Ribeiro et al. 2013; Tempel et al. 2016) , to analyse the distribution of different galaxy populations in superclusters (Einasto et al. 2011b) , and in morphological classification of superclusters (Einasto et al. 2011a ).
Spherical collapse model
The spherical collapse model describes the evolution of a spherical perturbation in an expanding universe. This model was studied by Peebles (1980) , Peebles (1984) , Lahav et al. (1991) , Eke et al. (1996) , and Lokas & Hoffman (2001) . In the standard models with cosmological constant, the dark energy started accelerating the expansion at the redshift z ≈ 0.7 and the formation of structure slowed down. At the present epoch, the largest bound structures are just forming. In the future evolution of the universe, these bound systems separate from each other at an accel- ( Notes. Columns are as follows: (1) the order number of the supercluster; (2) the ID of the supercluster in Liivamägi et al. (2012) ; (3) the dynamical mass of the supercluster, M dyn ; (4) the total mass of the supercluster (including faint groups and intercluster gas, see text), M g tot ; (5) the stellar mass of the supercluster, M * ; (6) M * /M g tot ; (7) the total mass of the supercluster, M * tot , calculated using the stellar mass -halo mass relation (see text); (8) the total mass of the supercluster, M * g tot , calculated using adding gas mass estimate to the mass M * tot ; (9) the mass-to-light ratio, M g tot /L. erating rate, forming isolated "island universes" (Chiueh & He 2002; Busha et al. 2003; Dünner et al. 2006) . Chon et al. (2015) and Gramann et al. (2015) analysed the characteristic density contrasts for the turnaround and future collapse in different spherical collapse models. These density contrasts can be used to derive the relations between radius of a perturbation and the interior mass for each essential epoch.
For a spherical volume V = 4πR 3 /3 with radius R the density ratio to the mean density (overdensity) ∆ρ = ρ/ρ m can be calculated as
From Eq. (2) we can find the mass of a structure as
Turnaround. One essential moment in the evolution of a spherical perturbation is called turnaround, the moment when the sphere stops expanding together with the universe and the collapse begins. At the turnaround, the perturbation decouples entirely from the Hubble flow of the homogeneous background. The spherically averaged radial velocity around a system in the shell of radius R can be written as u = HR−v pec , where v H = HR is the Hubble expansion velocity and v pec is the averaged radial peculiar velocity towards the centre of the system. At the turnaround point, the peculiar velocity v pec = HR and u = 0. The peculiar velocity v pec is directly related to the overdensity ∆ρ.
For Ω m = 0.27 and Ω Λ = 0.73 the overdensity at the turnaround point in the spherical collapse model is ∆ρ T = 13.1 and the mass of a structure at the turnaround point is )
Future collapse. The superclusters that have not reached the turnaround at present may eventually turnaround and collapse in the future (Dünner et al. 2006) . Chon et al. (2015) showed that for Ω m = 0.27 the overdensity for the future collapse ∆ρ FC = 8.73, which gives the minimum mass of the structure that will turn around and collapse in the future as
The spherical collapse model has been applied to study, for example, high-density cores in the Corona Borealis supercluster (Small et al. 1998; Pearson et al. 2014) , in the Shapley supercluster (Reisenegger et al. 2000; Proust et al. 2006; Chon et al. 2015) , in the A2199 supercluster (Rines et al. 2002) , and in the A2142 supercluster Gramann et al. 2015) .
Below we analyse the structure of superclusters, find their components, and study their masses, sizes, and shapes. We analyse the observed radial mass distribution in components centred on rich galaxy clusters and compare it with the turnaround and future collapse masses predicted by the spherical collapse model.
Results
Masses and mass-to-light ratios of the SGW superclusters
All mass estimates for superclusters are given in Table 2 , which shows that for the rich SGW superclusters different mass estimators give quite close values of mass. For the supercluster SCl 019 they are almost identical. The differences between masses from dynamical masses of groups and stellar masses of galaxies are the largest for two poor superclusters, SCl 499 and SCl 1109, where the number of groups is rather low (especially in SCl 1109) and mass estimates have larger scatter. The difference between M g tot and M * g tot comes from the difference of how the group masses are estimated for poor (with fewer than ten member galaxies) groups.
The main sources of mass uncertainties are several selection effects that may affect the supercluster mass estimates. For example, the SDSS galaxy sample is incomplete because of fibre collisions: the smallest separation between spectroscopic fibres is 55", and about 6% of galaxies in the SDSS are without observed spectra. Tempel et al. (2012) studied the effect of missing galaxies on a group catalogue and concluded that this mostly affects galaxy pairs. The authors estimated that approximately 8% of galaxy pairs may be missing from the catalogue. Since they are included as single galaxies and we take them into account as the main galaxies of faint groups, the effect of fibre collisions to our results is minor.
Some galaxy groups and clusters are missing from the supercluster SCl 027 since its southern extension is not covered by SDSS survey. One missing rich cluster is the cluster A1651 (Einasto et al. 2003 (Einasto et al. , 2008 since poor groups and single galaxies are also missing from the supercluster. We used data of the superclusters from the supercluster catalogue with a fixed luminosity density limit, D8 = 5, and may miss lower density outskirts of the superclusters. Our analysis, focused on the high-density cores regions of superclusters, is not affected by this choice, but it may lead to an underestimation of the total masses of superclusters.
Mass-to-light ratios M/L in Table 2 for the rich superclusters and for the full SGW are M/L < 300 h M ⊙ /L ⊙ , approximately the same as the mass-to-light ratio of the supercluster A2142 Einasto et al. 2015) . The values of the mass-to-light ratios for poor superclusters in the SGW depend on the mass estimators that have larger scatter (Table 2 ) than those for rich superclusters.
Structure and mass distribution in rich SGW superclusters
To study the structure of the rich SGW superclusters, we searched for possible components (cores) in superclusters with normal mixture modelling. As an input for calculations we used the Cartesian coordinates of galaxy groups in superclusters (including single galaxies), defined as x = d cos δ cos α scl , y = d cos δ sin α scl , and z = d sin δ, where d is the comoving distance, α scl = α−α mean is the right ascension (centred on the supercluster mean, α mean ), and δ is the declination of the group centre. The angle between the x coordinate and the line of sight is smaller than 5 degrees, so that we can consider x direction as the line-ofsight direction. We analysed the masses, sizes, and shapes of the components. Next we study the group content and radial mass distribution in the cores of rich SGW superclusters centred on rich galaxy clusters and compare it with the predictions of the spherical collapse model.
Supercluster SCl 027
Normal mixture modelling with Mclust revealed five components in the supercluster SCl 027. The components were detected with uncertainties of 0.003, which shows that the results of the modelling has very high significance. In Fig. 3 we show the distribution of galaxy groups (including faint groups represented by single galaxies) in different components of SCl 027. In Table 3 we list data about components (the number of groups, masses, sizes, and median luminosity density). The size of the symbols is proportional to the size of the groups in the sky plane. Ellipses are 1σ covariance ellipses of components as found by normal mixture modelling. Numbers show order numbers of components from Table 3 and Abell numbers of rich clusters in the highdensity cores of superclusters.
The supercluster SCl 027 has three rich components, approximately centred on rich galaxy clusters (A1650, A1750, and A1773, see Table 3 ). Each high-density core also hosts other rich galaxy clusters. These compnents have total masses of 2.4 − 5.9 × 10 15 h −1 M ⊙ and a largest extent of 30 − 57 h −1 Mpc (Table 3) . Their median luminosity density is D8 > 7. The same luminosity density limit was found for the high-density cores of superclusters in Einasto et al. (2007a) . These components are the high-density cores of the supercluster.
SCl 027 also has two less massive components with total masses lower than 1.5 × 10 15 h −1 M ⊙ . Their median luminosity density is D8 ≤ 6. These components form outlying branches of the supercluster. Figure 3 shows that the poor component 4 is probably a combination of two very poor components that coin- Notes. Columns are as follows: (1) cide in the sky plane (upper panel), but are separated in velocity space (lower panel). Figure 3 and Table 3 show that the high-density components in SCl 027 are very elongated along the y axis and have a largest extent of 30 − 57 h −1 Mpc. The extent of the components along the x-axis direction (along the line of sight) is 14 − 20 h −1 Mpc. The rich components 1 and 3 lie across the line of sight.
Next we analyse the mass distribution in the high-density core regions (components 1, 3, and 5) of SCl 027. We found galaxy groups and single galaxies in the spheres of an increasing radius around rich clusters and calculated the embedded mass. In Fig. 4 we plot the embedded mass M(R) versus radius of a sphere R for these cores of SCl 027 and show the theoretical M − R curves from the spherical collapse model for comparison. According to this model, the radii where the observed mass-radius lines cross the turnaround and future collapse lines correspond to maximum sizes of the regions that may collapse now or in the future. Objects in the area above the turnaround line may have reached the turnaround and are already collapsing, and objects above the future collapse line may collapse in the future. We present in Table 4 the number of galaxy groups and single galaxies in spheres whose radius corresponds to these essential epochs of the collapse together with the embedded masses.
A1650 region. The central cluster in this region, A1650, is an X-ray cluster (see Einasto et al. 2011a , for details). The rich cluster A1663 also lies in the central region of the component with a distance of 6 h −1 Mpc from A1650. One rich cluster close to this region, the X-ray cluster A1651, lies beyond the SDSS survey declination limits (Einasto et al. 2003 (Einasto et al. , 2008 . The mass of the region within the turnaround radius of A1650 may be underestimated because of the mass of this cluster. Assuming that A1651 is a member of this high-density region, the total mass of the region increases approximately by 0.3 × 10 15 h −1 M ⊙ , and the radius may become approximately 10 h −1 Mpc. In this case, another Abell cluster, A1620, with a mass of 0.4 × 10 15 h −1 M ⊙ and at a distance from A1650 of approximately 10 h −1 Mpc, may join the future collapse region around A1650. The total mass of the region within the future collapse radius may then be at least 2.1 × 10 15 h −1 M ⊙ , which is approximately one-third of the total mass of this high-density core.
A1750 region. The component A1750 forms a separate branch in the supercluster with a length of about 30 h −1 Mpc (Table 3 ). The richest galaxy cluster here is A1750 with the highest mass of the SGW clusters, approximately 0.8 × 10 15 h −1 M ⊙ . This is a multicomponent X-ray cluster that shows signs of past merging (Belsole et al. 2004; Einasto et al. 2010 , and references therein). The comparison of the radial mass distribution around the cluster A1750 with the predictions of the spherical collapse model shows that the central part of the component with a maximum radius of 8 h −1 Mpc is collapsing or will collapse in the future. Merging events in A1750 may be enhanced by the collapse of the whole region.
A1773 region. The Abell cluster A1773 with a mass of 0.5 × 10 15 h −1 M ⊙ is the most massive cluster in this high-density core. The mass distribution around A1773 shows that the region around it within a radius of about 6 h −1 Mpc may be collapsing. Another rich cluster (A1809 with a mass of 0.3 × 10 15 h −1 M ⊙ ) lies at a distance of about 17 h −1 Mpc from A1773 at the edge of the component, beyond the collapsing region.
To summarise, according to the comparison of the mass distribution with the predictions of the spherical collapse model, the central parts of these components in SCl 027 with sizes smaller than 6.5 h −1 Mpc have already reached the turnaround and started to collapse. The sizes of possible future collapse regions do not exceed 8 h −1 Mpc. In this model, collapsing regions are surrounded by regions in the supercluster that will not collapse and continue to expand. The cores in the supercluster are very elongated, with a largest extent of 30−57 h −1 Mpc. We may assume that the spherical collapse model only describes the central parts of the possibly collapsing regions, and the actual size of collapsing regions across the line of sight may be larger. The flattened shape of the supercluster cores may be a signature of a possible collapse. However, within collapsing regions and also beyond the turnaround regions the group redshifts are poor indicators of their distance (see also the discussion in Dünner et al. 2007 ). This affects the estimation of the sizes and masses of the possibly collapsing regions. Dünner et al. (2006) showed that the spherical collapse model applied in real space overestimates the mass of the collapsing structure, and this may lead to the overestimation of the sizes of collapsing regions. The redshift corrections for regions beyond the turnaround region may lead to the underestimation of the sizes of the regions (Dünner et al. 2007 ).
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Without knowing the real distances of galaxy groups in the regions it is very difficult to give precise values of the sizes and other parameters of the collapsing regions. This shows the limitations of the spherical collapse model and also the need for correct distances of galaxy groups.
Approximately 60 − 75 % of the total mass in (now or in the future) collapsing regions in SCl 027 comes from the mass of galaxy groups with at least ten member galaxies. This is slightly higher than in the full supercluster (50 %, see Sect. 3.1). All regions contain single galaxies that represent faint galaxy groups. We found that approximately 6 − 9% of the total mass in the turnaround regions and 12 − 14% of the total mass in the future collapse regions comes from these faint groups, showing that the fraction of single galaxies decreases towards the region centres. This may be due to the selection effect: it is possible that the group-finding algorithm in Tempel et al. (2014) adds single galaxies near rich groups to the clusters. In this case, the masses of the faint groups have been taken into account when calculating the masses of rich groups. During the future evolution, these groups and galaxies may merge with the main cluster of a region, as is shown in the analysis of the future evolution of superclusters from simulations (Araya-Melo et al. 2009 ). It is therefore also possible that the lower fraction of single galaxies in the turnaround regions is evidence of the merging of single galaxies and poor groups with the main cluster during collapse. When we overestimated the mass of faint groups, these fractions show that errors of masses of the regions due to this are smaller than 10%. The mass-to-light ratios M/L of the collapsing regions are 280 − 300h M ⊙ /L ⊙ , the same as the M/L for the full supercluster.
The ratio of stellar masses to the total mass in the collapsing regions is lower than in the supercluster on average, ≈ 0.008 − 0.009. This ratio increases towards lower halo masses (Andreon 2010; Bahcall & Kulier 2014; Patel et al. 2015) . This may be the reason why this ratio has a lower value in the high-density cores than in the full supercluster.
Supercluster SCl 019
In SCl 019 the analysis with Mclust identified six components. The uncertainty of the classification is 0.004, showing that the components in the supercluster have been found with very high significance. The distribution of galaxy groups (including faint groups represented by single galaxies) in the components is shown in Fig. 5 . Table 5 presents the number of groups, masses, and sizes of supercluster components.
Two components in SCl 019 have a median luminosity density of D8 ≥ 7, they are the high-density cores of the supercluster. The total mass in these components is 1.2−3.2× 10 15 h −1 M ⊙ , which means that it is less massive than the most massive highdensity cores in SCl 027. The richest, most elongated, and highest mass component in SCl 019 is centred on the group Gr5278 (first component in Table 5 ). This group corresponds to the Zwicky cluster, Zw1215.1+0400 (Zwicky et al. 1961 ). The first component also hosts another rich cluster, A1516. The largest extent of this component is ≈ 65 h −1 Mpc. Another rich component (2) in SCl 019 hosts two rich groups, one of them in galaxy cluster A1424.
Four components in SCl 019 have median densities D8 < 7, they are poorer and with total masses lower than 1 × Ellipses are 1σ covariance ellipses of components as found by normal mixture modelling. Numbers show order numbers of components from Table 5 and numbers of rich clusters in the high-density cores of the supercluster. Table 6 . Masses and radii of the central regions of the SCl 019 components.
(1) (2) (3) (4) (5) Notes. Columns are as follows: (1): Epoch (T: turnaround, FC: future collapse); (2): the number of groups in a region; (3): the number of single galaxies in a region; (4): the dynamical mass of a region; (5): the total mass of a region; (6): radius of the region.
Next we analyse the group content and mass distribution around the rich galaxy clusters Gr5278 and A1424 in the highdensity cores of SCl 019 and compare it with the predictions of the spherical collapse model (Fig. 6 and Table 6 ).
Gr5278 region. Two rich clusters, Gr5278 with a mass of 0.6 × 10 15 h −1 M ⊙ and A1516 with a mass of 0.4 × 10 15 h −1 M ⊙ lie in this region. They are both X-ray clusters (Popesso et al. 2007; Piffaretti et al. 2011) . The cluster Gr5278 is the richest and most massive cluster in SCl 019. Comparison with the spherical collapse model shows that the size of the possible (now or in the future) collapsing region is smaller than 10 h −1 Mpc, as we found also for the supercluster SCl 027.
The mass-to light ratio of the central region of the component is higher than for the full supercluster,
Article number, page 8 of 12 Einasto, M. et al.: SGW, collapsing Notes. Columns are the same as in Table 3 . of the very massive cluster in the region. The fraction of single galaxies in the turnaround region is 8%, and in the future collapse region 12%. A1424 region. This component is separated from the Gr5278 component by a small underdense region. The cluster A1424 is located at the outskirts of the component, but since this cluster is the most massive cluster in the component, we analysed the mass distribution around it. Table 6 and Fig. 6 suggest that the region around the cluster A1424 with a mass of about 0.8 × 10 15 h −1 M ⊙ and a radius of about 6 h −1 Mpc may be collapsing. The radius of the future collapse region is about 7 h −1 Mpc. In the A1424 region the fraction of single galaxies in both the turnaround and the future collapse regions is approximately 12%. In SCl 019 60 − 75 % of the total mass in (now or in the future) collapsing regions comes from galaxy groups with at least ten member galaxies. In the Gr5278 region this fraction is the highest, 75%. In this supercluster the fraction of the total mass that comes from faint groups represented by single galaxies also decreases towards the region centres.
Poor superclusters from the SGW
Poor superclusters from the SGW are listed in Tables 1 and  2 . The poor supercluster SCl 499 with its two X-ray clusters (A1205 and A1238) corresponds to the X-ray supercluster RXSCJ1116+0206 in the catalogue of Chon et al. (2013) . The superclusters SCl 499 and SCl 1109 are very elongated, and we only studied the mass distribution in SCl 319. We calculated masses in spheres of increasing radii centred on the cluster A1066 with a mass of about 0.4 × 10 15 h −1 M ⊙ . We found that the region that embeds three rich galaxy groups and has a total mass of 0.69 × 10 15 h −1 M ⊙ and a radius of 5 h −1 Mpc may have reached the turnaround and started to collapse. The region with a total mass of 0.74 × 10 15 h −1 M ⊙ and a radius of R ≈ 6.5 h −1 Mpc (and perhaps the whole supercluster SCl 319) will collapse in the future.
Discussion and summary
Masses of the SGW superclusters. We calculated the masses of the SGW superclusters using the dynamical masses of galaxy groups as one mass estimate, and the stellar masses of the main galaxies in groups to obtain the masses of galaxy groups as another mass estimate. The stellar masses of the main galaxies of groups have previously been used to determine the mass of the BOSS Great Wall superclusters (Lietzen et al. 2016 ). This approach is especially promising in cases when the mass estimates of galaxy groups in superclusters are not available, like in distant superclusters.
We found that the two mass estimators agree well. The main uncertainty of supercluster masses comes from missing groups and clusters, and from the mass estimate of faint groups. The bias between the masses of superclusters determined using group masses and the total mass of the supercluster have been studied from simulations (Chon et al. 2014) . They showed that the bias between masses depends on the richness of groups; it is lower when low-mass groups are used to construct the supercluster catalogues. We found that the bias factor (the ratio of the dynamical mass of the supercluster and the total mass of the supercluster) is of about 1.4, which agrees well with results reported by Chon et al. (2014) based on simulations, considering that they used higher mass groups to determine superclusters. This is also similar to what Einasto et al. (2015) found for the supercluster A2142.
The masses of the SGW superclusters and their high-density core regions are in the mass range of other observed superclusters of average richness (see e.g. Johnston-Hollitt et al. 2008; Schirmer et al. 2011; Pompei et al. 2016; Einasto et al. 2015) . They are lower than the masses of very rich superclusters such as the Shapley supercluster, the Corona Borealis supercluster, and other very rich superclusters (Reisenegger et al. 2000; Proust et al. 2006; Ragone et al. 2006; Pearson et al. 2014; O'Mill et al. 2015) . The mass-to-light ratios of the SGW super-A&A proofs: manuscript no. AA28567 clusters, M/L ≈ 300 h M ⊙ /L ⊙ , are close to the values of the mass-to-light ratios for other rich superclusters (Gavazzi et al. 2004; Schirmer et al. 2011; Einasto et al. 2015) . Moreover, the components in rich SGW superclusters have masses that are comparable to the masses of simulated superclusters of average richness (Chon et al. 2014; Araya-Melo et al. 2009 ). The masses of rich SGW superclusters are of the same order as the high end of simulated supercluster masses.
The total volume and mass of the SGW were estimated in Sheth & Diaferio (2011) . The authors obtained that the volume of the SGW is 7.2 × 10 5 (h −1 Mpc) 3 , the effective radius 55 h −1 Mpc, and the total mass of the SGW is 1.2 × 10 17 h −1 M ⊙ . These values are higher than we obtained, the difference comes from the different way of estimating the volume and mass of the supercluster. Sheth & Diaferio (2011) assumed that the shape of the SGW can be approximated with a sphere, which led to overestimation of the volume and mass of the SGW in comparison with our study. We found that the effective radius of the full SGW (radius of a sphere with the volume of the SGW) is approximately 22 h −1 Mpc, significantly smaller than estimated by Sheth & Diaferio (2011) .
Mass distribution in the high-density cores of superclusters.
We analysed the radial mass distribution in the high-density cores of rich SGW superclusters centred on rich galaxy clusters and compared it with the predictions of the spherical collapse model. This comparison showed that the central regions of the components with radii up to approximately 6 − 7 h −1 Mpc may be collapsing now or in the future. This limit corresponds to the size of the shortest axis of very elongated regions, the size of possibly collapsing regions along the longest axes of systems may be larger. The analysis of the correlations between velocities of galaxy clusters from simulations showed that up to separations of 10 h −1 Mpc clusters approach each other and their attraction dominates the bulk motions . This agrees well with the minimum size of possibly collapsing regions in supercluster components.
The collapsing high-density cores have been studied in the Shapley and the Corona Borealis superclusters (Reisenegger et al. 2000; Pearson et al. 2014; Chon et al. 2015) , in the Perseus-Pisces supercluster (Hanski et al. 2001; Teerikorpi et al. 2015) , in the A2199 supercluster, the member of the Hercules supercluster (Einasto et al. 2001; Rines et al. 2002) , in the SC0028-0005 supercluster (O'Mill et al. 2015) , and in the A2142 supercluster Gramann et al. 2015) . In these studies several methods were used to estimate the size and mass of the collapsing regions, based on overdensity criteria and dynamical criteria (see e.g. Reisenegger et al. 2000; Dünner et al. 2007; Chon et al. 2015) . Comparison of the methods shows that radii of the collapsing regions obtained with different methods agree well (Reisenegger et al. 2000; Pearson et al. 2014; Chon et al. 2015) . These studies have shown that the sizes of collapsing cores of superclusters typically do not exceed approximately 10 h −1 Mpc, which is also what we found for the central regions of the SGW supercluster components. According to Reisenegger et al. (2000) and Pearson et al. (2014) , very massive collapsing cores with a number of rich galaxy clusters in the Shapley supercluster and in the Corona Borealis supercluster are larger and more massive. Pearson et al. (2014) noted that the collapsing core in the Corona Borealis supercluster has this size only if there is a reasonable amount of intercluster mass. Full very rich and massive superclusters are not bound systems (Chon et al. 2013 (Chon et al. , 2015 , as also suggested in our study of the SGW superclusters. Mpc. Numerical simulations show that the positions of the high-density peaks in the galaxy distribution in the early Universe are fixed by the processes during or just after the inflation and do not change much during the cosmic evolution, only the amplitude of over-and underdensities grows with time (Kofman & Shandarin 1988; Bond et al. 1996; van de Weygaert & Schaap 2009; Suhhonenko et al. 2011, and references therein) . Observational data of the movements of galaxies in the nearby Laniakea and Arrowhead superclusters show that galaxy velocities are directed towards supercluster axis (Tully et al. 2014; Pomarède et al. 2015) , and galaxies are moving from underdense regions towards high-density regions. This process may accelerate the collapse of individual cores, but it is unlikely that the cores will approach each other and merge.
Several studies have shown that the values of the overdensity for turnaround and future collapse only weakly depend on the exact value of Ω Λ and change only slightly with matter density Ω m Chon et al. 2015; Gramann et al. 2015) . For example, for Ω m = 0.27, as adopted in the present paper, the overdensity for the turnaround ∆ρ T = 13.1, and for Ω m = 0.3 (Planck Collaboration et al. 2015) , ∆ρ T = 12.2 . In Fig. 7 we show the mass-radius relation for Ω m = 0.27 and Ω m = 0.3 together with the radial mass distribution in the SGW superclusters. The differences between overdensity values for various Ω m values are much smaller than the uncertainties of the mass estimates of supercluster high-density core regions (for overdensity values see the tables in Chon et al. 2015; Gramann et al. 2015) . Therefore it is questionable to apply the turnaround as a cosmological test in supercluster scales, as proposed, for example, by Pavlidou & Tomaras (2014) . More precise mass estimates for a larger number of supercluster (cores) are needed for this.
The structure of rich SGW superclusters and supercluster morphology. Normal mixture modelling showed that the richest SGW superclusters consist of a number of components. The richest components hosts rich galaxy clusters; they are the highdensity cores of superclusters. Components are very elongated in the sky distribution, their short axes point along the line of sight. This may be due to their real shape, but the flatness of supercluster components may also be enhanced by the large-scale velocity field (Kaiser 1987; Gramann et al. 1994) .
The distribution of components in superclusters reflects the overall morphology of superclusters. In SCl 027 the components lie along the main body of the supercluster described as being of filament morphology (Einasto et al. 2011a ). SCl 019 was described morphologically as having a rich and complex inner structure with many galaxy chains connecting galaxy clusters in the supercluster (spider-type morphology; Einasto et al. 2011a) . This is reflected in the much less regular distribution of the components in SCl 019 in comparison with SCl 027. Earlier studies have shown that the morphology of superclusters and the properties of galaxies and groups in them are related. Superclusters of filament morphology host a higher fraction of red passive galaxies than the superclusters of spider morphology, where the galaxy groups also have a higher amount of substructure (Einasto et al. 2012a (Einasto et al. , 2014 . These differences may be related with the dynamical state of the superclusters and galaxy groups in them, spider-type superclusters being dynamically younger and more active than filament-type superclusters. The detailed study of the properties of galaxies and galaxy groups in the richest SGW superclusters and their high-density cores may give us an insight into their dynamical state.
We summarise the main results as follows:
We determined the masses of the SGW superclusters using dynamical masses of groups and stellar masses of the main galaxies in groups, and found a good agreement between mass estimates. The lower limit of the total mass of the SGW is approximately M = 2.5 × 10 16 h −1 M ⊙ . We applied normal mixture modelling to study the structure of superclusters and identify their high-density cores. This is a new and promising approach to study the structure of superclusters and detect their high-density cores.
The richest SGW superclusters consists of several very elongated high-density cores with masses of the richest components of up to 6× 10 15 h −1 M ⊙ and sizes of up to 65 h −1 Mpc. Their short axes lie approximately along the line of sight, and their sizes are typically smaller then 20 h −1 Mpc. The core regions of the components with radii smaller than 8 h −1 Mpc may already be collapsing. This is probably only the shortest size of the collapsing regions.
The study of the properties of galaxies and galaxy groups in different regions in superclusters may provide information about environmental effects that shape the galaxy properties in superclusters, and about the regions themselves. We plan to continue the study of the dynamical state of galaxy superclusters from observations and simulations, as well as the properties of galaxies and their systems (groups, clusters, and filaments) in dynamically evolving environment of superclusters.
